We analyzed 370 bp of the first hypervariable region of the mitochondrial DNA (mtDNA) control region in 752 individuals from 17 tribal and four nontribal groups from the Indian subcontinent, to address questions concerning the origins, genetic structure and relationships of these groups. Southern Indian tribes showed reduced diversity and large genetic distances, both among themselves and when compared with other groups, and no signal of prehistoric demographic expansions. These results probably reflect enhanced genetic drift because of small population sizes and/or bottlenecks in these groups. By contrast, northern groups exhibited more diversity and signals of prehistoric demographic expansions. Phylogenetic analyses revealed that southern and northern groups (except northeastern ones) have related mtDNA sequences albeit at different frequencies, further supporting the larger impact of drift on the genetic structure of southern groups. The Indian mtDNA gene pool appears to be more closely related to the east Eurasian gene pool (including central, east and southeast Asian populations) than the west Eurasian one (including European and Caucasian populations). Within India, northeastern tribes are quite distinct from other groups; they are more closely related to east Asians than to other Indians. This is consistent with linguistic evidence in that these populations speak Tibeto-Burman languages of east Asian origin. Otherwise, analyses of molecular variance suggested that caste and tribal groups are genetically similar with respect to mtDNA variation.
Introduction
Archeological, fossil and genetic evidence points to a major expansion of anatomically modern humans out of Africa some 100 000 years ago, 1,2 but the migration routes remain poorly understood. In this respect, the Indian subcontinent is considered to be a crucial geographic area for human migrations, 3, 4 since it is located at the crossroads of Africa, the Pacific and west and east Eurasia. More than one billion people with enormous morphological, genetic, cultural and linguistic diversity inhabit the Indian subcontinent. 5, 6 At least four potential sources of genes contributing to the current Indian gene pool can be envisaged. 3 The first one is an old Paleolithic component, probably almost extinct nowadays. The second component would have witnessed early Neolithic migrations of farmers from the eastern horn of the Fertile Crescent, probably speaking proto-Dravidian languages. The third source is responsible for the arrival of Indo-European speakers B3500 years ago, who most probably introduced the caste system that hierarchically organized the vast majority of Indian society. The fourth component is associated with Austro-Asiatic and Tibeto-Burman speakers inhabiting east and northeast India, with ties to east Asia. The molecular genetic data generated so far concerning the people of the Indian subcontinent have largely focused on caste populations rather than on tribal groups. [7] [8] [9] [10] [11] [12] [13] According to the 1991 census, B8% of the Indian population belong to tribal communities. 14 They represent minorities that have not been absorbed by the caste system. 3 They are generally thought to be the aboriginal inhabitants of the Indian subcontinent that were present in the region before the arrival of Indo-European speakers.
There are currently about 400 tribes in India that vary in size from a few hundred to a few million; they speak languages belonging to all four of the major language families represented in India (Austro-Asiatic, Dravidian, Indo-European and Tibeto-Burman). Their origins and genetic affinities remain largely unknown, although such information is of primary importance in understanding the possible role of India in early migrations of modern humans, since any remnants of genetic contributions from pre-Indo-European migrants would presumably be present in tribal populations rather than in caste populations. The molecular genetic evidence on Indian tribal origins and relationships is rather scanty. The mitochondrial DNA (mtDNA) intergenic COII/tRNA Lys 9-bp deletion marker, present at high frequency in some Asian 15 and African 16 populations, is found at low frequencies in India and arose multiple times independently. [17] [18] [19] Based on a study of autosomal and mtDNA markers in eight Indian tribes speaking Austro-Asiatic, Dravidian or Tibeto-Burman languages, it was concluded that these different language groups represented distinct founding groups, with AustroAsiatic speakers being the most ancient inhabitants of the region. 19 With the aim of furthering our understanding of their origins and relationships, we report here a comprehensive study of mtDNA variation in Indian tribal groups. We analyzed sequences of the first hypervariable segment (HV1) of the mtDNA control region in more than 750 individuals belonging to different language families and compared these to available data from caste populations and from world populations, in order to obtain a global picture of the genetic structure and the relationships of populations inhabiting the Indian subcontinent.
Subjects and methods
Samples DNA samples from 752 individuals belonging to 21 populations inhabiting the Indian subcontinent were analyzed (Table 1, Figure 1 ). Additional information on the 17 tribal populations and the four nontribal populations can be found elsewhere. 18, 20 Published data were also included from 10 tribal populations, 12, 19 one Indo-European-speaking caste from north India, 12 eight Dravidianspeaking castes from Andhra Pradesh, 10 and two castes from south India. 7 Although they were sampled in the southern state of Andhra Pradesh, the Andh, Pardhi, Thoti and Lambadi tribes as well as the eight Dravidian-speaking castes 10 will be referred to as central Indian populations in the following text, in order to differentiate them from the populations sampled in the states of Kerala, Karnataka and Tamil Nadu (Figure 1 ). A gene tree was computed using the neighbor-joining method, based on p-distances, as implemented in MEGA version 2.1 (Kumar et al 44 ) . The tree was rooted using a Neanderthal HV1 sequence 45 and bootstrap analysis was carried out with 500 replications. In addition to Indian sequences, worldwide HV1 sequences 9 were included for comparison, as well as PNG highlanders, central Asians and Australians described above. We inferred the frequencies of some major mtDNA haplogroups in our data from the resulting tree topology, from Indian HV1 sequences whose haplogroup information is available, 12 and from haplogroup-diagnostic substitutions in HV1. 46 The 752 HV1 sequences from the present study were subsequently analyzed together with 219 previously published sequences from 10 Indian tribes, enabling a more comprehensive study of HV1 variation in Indian tribal populations. Since small sample sizes could potentially affect the reliability of the analyses, some populations were pooled. Pooling was performed according to several criteria including geographical proximity, linguistic affiliation, historical record and population relationships deduced from Fst distances. For example, the Mullukurunan and Mullukurumba are both south Indian tribes speaking a Kannada language (a Dravidian language-subfamily). Some scholars have argued that they are the same although they nowadays live in different areas, and it has been reported that the Mullukurunan are also known as 'Mullu Kurumba'. 47 Moreover, the two tribes were separated by an Fst distance of À0.030, which is not significantly different from zero (P ¼ 0.84). Therefore the data from these two groups were pooled. In summary, this approach resulted in 23 groups, each of which was composed of at least 20 individuals (Table 2) . Diversity indices and demographic parameters estimated for these groups are reported in Table 2 . Overall, haplotype diversity in Indian tribals ranged from 0.671 to 0.995 and nucleotide diversity from 0.005 to 0.023. Haplotype diversity was significantly higher (Mann-Whitney U-test: Z ¼ 3.24, Po0.01) in north, east and northeast India (0.940-0.995) than in south India (0.671-0.939). Intermediate haplotype diversity values were observed in central India (0.884-0.985); they were not significantly different from north, east and northeast India (Z ¼ 1.51, P ¼ 0.13) or south India (Z ¼ 1.70, P ¼ 0.09). Similarly, nucleotide diversity in north, east and northeast India (0.014-0.023) was significantly higher (Z ¼ 2.78, Po0.01) than in south India (0.005-0.017). Again, central India exhibited intermediate values (0.012-0.017); they were not significantly different from north, east and northeast India (Z ¼ 1.61, P ¼ 0.11) or south India (Z ¼ 1.78, P ¼ 0.07). Therefore, north, east and northeast Indian tribes showed greater mtDNA diversity than south Indian tribes.
Results

Diversity indices and demographic parameters
These patterns of genetic diversity in Indian tribes were further strengthened by the analysis of mean pairwise differences (MPD). MPD for south tribes (1.77-5.80) were significantly lower than MPD from north, east and northeast tribes (5.06-7.69; Z ¼ 2.78, Po0.01) or from central tribes (4.46-5.91; Z ¼ 2.04, P ¼ 0.04), whereas MPD from central and north, east and northeast tribes were not significantly different (Z ¼ 1.70, P ¼ 0.09). Mismatch distributions ( Figure 2 ) were computed for the 14 tribal and four nontribal populations from Table 1 whose sample size is Z20. Unimodal distributions were observed mostly in northeast tribes and some central tribes, whereas all of the south tribes exhibited multimodal distributions with a higher frequency of the low difference classes (0 and 1): 25-61% of the pairwise differences for the south tribes were in the 0/1 classes vs only 1-13% for the other tribes. Unimodal distributions are interpreted as signs of demographic expansions while multimodal distributions are interpreted as signs of constant population size over time. 27 Moreover, the peaks observed at 0/1 classes in the mismatch distributions indicated bottlenecks in these populations. 48 In parallel, the raggedness index r was generally less than 0.03 in north, east and northeast tribes but more than 0.07 in south tribes ( Table 2 ). Values of r lower than 0.05 suggest demographic expansions while values of r greater than 0.05 are more consistent with constant population sizes. 27 Fu's Fs also support these patterns of demographic history in India (Table 2) . Negative values of Fs that differ significantly from zero, indicative of population demographic expansions, 26 were obtained in 86% of north, east and northeast tribes, 50% of central tribes and only 25% of south tribes. Therefore, several approaches provided congruent evidence for different demographic histories in Indian tribes. In general, north, east and northeast tribes showed signs of expansion while south tribes, and to a lesser extent central tribes, were likely to have experienced bottlenecks and/or constant population sizes over time.
The four nontribal populations exhibited high gene and nucleotide diversities (Table 2 ). In addition, the Fs statistic (Table 2 ) and mismatch distributions ( Figure 2 ) suggested demographic expansions in these populations.
MDS analysis
MDS analysis based on Fst distances was performed to investigate relationships between Indian tribes, Indian castes and world populations. In the MDS plot (Figure 3 ), Indian tribal and caste populations both clustered together with other Eurasian and Australian populations. The Kung were a clear outlier, but removing them from the analysis did not significantly change the results, except as noted below (analysis not shown). Among Indian populations, most of the south tribes were outliers within the Eurasian/Australian cluster. Further information on the affinities of Indian tribes was obtained by focussing on the Eurasian/Australian cluster in the MDS plot (Figure 4) . Overall, Indian subcontinent populations were closer to east Eurasians (including central, east and southeast Asians) than to west Eurasians (including Europeans and Caucasians). Since the smaller number of European populations considered might have contributed to suggesting stronger affinities between India and east Eurasia, the analysis was repeated by adding six European populations (from Sweden, Austria, France, Britain, Italy and Spain). However, the trends in the MDS plot did not change (not shown). The smaller average Fst distance separating Indian populations from east Eurasians (0.081) than from west Eurasians (0.118) confirmed the aforementioned affinities. The removal of northeast tribes from the analysis led to similar average Fst values (0.087 for India-east Eurasia vs 0.116 for India-west Eurasia) and the removal of south tribes resulted in B25% smaller average Fst values (0.058 for India-east Eurasia vs 0.093 for Indiawest Eurasia). The removal of both northeast and south tribes was almost equivalent to removing only south tribes (0.061 for India-east Eurasia vs 0.083 for India-west Eurasia). In all cases, then, Indian populations showed closer affinities to east than to west Eurasians.
In contrast to other tribal groups, the five northeast Indian groups were closer to east Eurasian populations (average Fst distance: 0.049) than to other Indian tribes (average Fst distance: 0.118, dropping to 0.084 when south tribes were removed). The same trend was observed for east Indian tribes; however, when the !Kung were removed from the analysis, east Indian tribes were closer to other Indian groups than to east Asians in an MDS plot (not shown). Average Fst values also supported their closer 
Gene tree
The outlier positions of south tribes in the MDS plot (Figure 3) , coupled with demographic inferences indicating bottlenecks in these populations, mean that either south tribes have different HV1 sequences than other groups, or related sequences at very different frequencies. To distinguish between these two hypotheses, a neighbor-joining tree was constructed for 553 Indian and 420 worldwide HV1 sequences and rooted with a Neanderthal sequence ( Figure 5 ). To facilitate the analysis, it was subdivided into 14 clusters (I-XIV). The deepest cluster (cluster I) was almost exclusively African-specific, with the exception of a single sequence from a south Indian tribe (Kuruchian). Sequences from the south tribes were found in all of the clusters, as were sequences from at least one other Indian population (with the exception of cluster I). This suggested that south tribes do not have different HV1 sequences than other groups, but rather related sequences at different frequencies.
The gene tree also suggested a close relationship between east Eurasians and northeast Indians in that 90% of the sequences in cluster XIII belonged either to east Eurasians or northeast Indians. In addition, 93% of the sequences from cluster XIV belonged either to Indian tribes (excluding northeast tribes) or castes, suggesting close relationships between these groups. mtDNA haplogroup affiliation mtDNA haplogroups are defined by RFLPs, but by using information from the gene tree, published data on Indian HV1 sequences for which the mtDNA haplogroup was known, and diagnostic HV1 mutations, we were able to infer the haplogroup affiliation for 90% of the Indian sequences (Table 3) . Most Indian sequences belonged to The northeast tribes were also distinguished by a combined frequency of the east Asian haplogroups A and F of B32%, while these two haplogroups were virtually absent elsewhere in the Indian subcontinent.
Genetic structure of Indian populations AMOVA was used to investigate the genetic structure of Indian populations, focussing either on tribes only or on both tribes and castes (Table 4 ). In the total tribal sample (model 1), 88% of the variance was found within populations and 12% among populations. Indian tribes were then grouped according to geographic proximity (model 2), to linguistic affinities (model 3) and to the results suggested by the MDS analysis, namely two groups separating northeast tribes from all others (model 4). Under these models, 86-88% of the variance was found within populations, 10% among populations within groups and 2-4% among groups. A model that accurately reflects the genetic structure should maximize the variance among groups and minimize the variance among populations within groups; therefore, none of these models provides a good description of the genetic structure, although model 4 is the best. When the northeast, central and south groups of populations were analyzed separately, 22% of the variance was among populations in south tribes but only 3-5% in central and northeast tribes. These results emphasize the distinctiveness of south tribes from one another that was also evident in the MDS plots (Figures 3 and 4) . Therefore, the analyses corresponding to models 1-4 were repeated with the south tribes excluded (not shown). Again, none of these models provided a good description of the genetic structure. The best model grouped populations on the basis of linguistic criteria, and was the only model for which the 'among groups' component was larger than the 'among populations within groups' component.
We also compared tribes to caste populations. East and northeast tribes were excluded from the analyses since: (i) no HV1 data from east and northeast castes are available, and (ii) these tribes speak Austro-Asiatic and TibetoBurman languages (respectively) which are spoken exclusively by tribal populations (preventing linguistically based analyses between tribes and castes). For the model based on social criteria (ie castes vs tribes; Table 4 , model 5), 91% of the variance was within populations and 9% among populations within groups. The variance among groups did not differ significantly from zero (P ¼ 0.33), suggesting that the social distinction of castes vs tribes does not accurately reflect the genetic structure of Indian populations. Removing south groups from the analysis did not change the picture (not shown), with the variance among groups still not differing significantly from zero (P ¼ 0.57).
Discussion
Origins of tribal groups Our analyses of mtDNA variation in tribal populations of India indicate that groups in different geographic regions have different demographic histories. In general, southern tribes have reduced mtDNA diversity and mismatch distributions strongly indicative of recent bottlenecks. The distinctiveness of southern groups is also emphasized by the MDS analyses and AMOVA. However, it is difficult to distinguish from these data between old and severe bottlenecks or more recent and less severe bottlenecks. Present-day population sizes in southern tribes tend to be small (ie generally less than 30 000; Table 1 ), as compared to northern tribes (ie generally over 100 000; Table 1 ). Consequently, genetic drift could have generated large genetic distances both among southern groups and between southern and other groups, thereby masking their real affinities to other populations. 48 According to this scenario, southern populations have related mtDNA sequences (albeit at different frequencies) and hence a shared history with other Indian populations. An alternative hypothesis is that southern tribes have a specific mtDNA gene pool as compared to other Indian populations, indicating a long period of isolation and/or different history from other tribal groups. An example of the latter is PNG, 41, 49 in which most sequences are found in two clusters (within clusters III and XI, Figure 5 ) characterized by long branches (not shown). However, southern Indian sequences are intermingled throughout the tree, clustering with sequences from multiple populations. In addition, south, central, and east Indian tribes all have similar mtDNA haplogroup compositions (Table 3) . These results provide strong support for the hypothesis that southern tribes have mtDNA sequences closely related to those of other tribes, but with different frequencies, which would suggest fairly recent bottlenecks occurring in these populations. A possible cause of these bottlenecks, put forth by Excoffier and Schneider, 48 involves Neolithic human expansions. According to this hypothesis, the recent settlement of Indo-European speakers in India some 3500 years ago 3 might have had a major impact on the demography of south tribes. West Eurasian mtDNA haplogroups H, JT and W represent 6-7% of north and central tribes (Table 3) , which are located in the area where Indo-European languages are spoken. In contrast, these west Eurasian mtDNA types are virtually absent in south tribes, which are located where Dravidian languages are spoken. This might reflect different responses of local people to the Indo-European settlement of India. In the north and center, Indo-Europeans may have admixed with local people, 50 concomitant with the spread of IndoEuropean languages. In contrast, in the southern part of India, local populations may have challenged the arrival of Indo-European newcomers, resulting in limited admixture, reduction of tribal population sizes and retention of their original languages, thus explaining why Dravidian languages survived the spread of Indo-European languages in south India. Tibeto-Burman speakers from northeast India show closer genetic affinities with east Asian groups than with other Indian groups. This is suggested by the MDS analyses and mtDNA haplogroup composition, in that northeast Indian tribes possess haplogroups A and F, which are frequent in east Asians but virtually absent from other regions of India. The mtDNA evidence ( XIV  59  1  0  0  0  2  1  8  18  29  XIII  30  0  0  0  0  9  18  3  0  0  XII  39  3  0  0  0  13  8  4  5  6  XI  79  9  8  6  3  17  11  5  8  12  X  134  12  10  1  0  37  14  7  20  33  IX  47  2  9  0  1  6  10  1  6  12  VIII  74  4  1  0  13  10  6  12  9  19  VII  80  0  4  0  0  7  8  12  13  36  VI  64  1  14  0  3  15  14  2  7  8  V  3 8  0  8  1  1  5  2  1  1 0  1 0  IV  68  0  8  0  6  10  3  10  9 Neanderthal Figure 5 Summary information of a gene tree of 973 mtDNA HV1 sequences, rooted with a Neanderthal sequence. The topology of the tree is represented on the left-hand side; n is the number of sequences in each cluster (I-XIV). The table also provides the number of sequences in each cluster sampled in the following geographic areas: Africa, Australia, Papua-New-Guinea (PNG), West Eurasia (W Eurasia), East Eurasia (E Eurasia) and India ('NE tribes': northeast tribes; 'S tribes': south tribes).
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Apart from northeast tribes, all other Indian tribes exhibited a similar and high frequency of mtDNA haplogroup M (ie 56% in northeast vs B75% for others). These results are strikingly similar to a previous study based on RFLP analysis of a smaller set of Indian tribes, 19 according to which haplogroup M had a frequency of B51% in northeast tribes and B76% in east, central and south tribes. This homogeneity in frequency of haplogroup M further supports the view that south tribes have sequences closely related to those of their neighboring populations. Thus, our mtDNA data are compatible with at least three major sources for the present-day mtDNA gene pool of Indian tribes: (i) a major one associated with all nonnortheast tribes (whatever their linguistic or geographic ties), with a high frequency of mtDNA haplogroup M; (ii) one associated with Tibeto-Burman speakers from northeast India, with affinities to east Asians; and (iii) a third one associated with the presence of west Eurasiantypical mtDNA haplogroups (ie haplogroups H, JT and W, which represent 6-7% of mtDNA types in north and central tribes), most probably attributable to admixture with recent Indo-European-speaking migrants to India.
50
Relationships between castes and tribes The comparison between Indian castes and tribes revealed no strong difference between them, as pointed out by the AMOVA. A possible explanation for the observed similarities in caste and tribal mtDNA gene pools is common ancestry, with a proto-Asian origin of Indian castes. 9 An alternative hypothesis involves a proto-west-Eurasian origin of castes, with the present-day similarities in caste and tribal mtDNA gene pools then being attributable to recent admixture with local Indian populations. The latter hypothesis would require extensive gene flow, which could seem a priori to be incompatible with the mating practices imposed by the caste system in India. 6 However, there is evidence for female gene flow between Hindu castes 10 and it has been suggested that male gene flow in south Indian populations may not be as negligible 54 as previously thought. 11 Our results show the presence of west-Eurasian typical mtDNA haplogroups in Indian tribes, presumably resulting from admixture with Indo-Europeans (ie who probably introduced the caste system in India). This interpretation would suggest that caste people initially possessed west-Eurasian mtDNAs rather than Asian mtDNAs. This view is reinforced by the fact that caste groups are more similar to west Eurasians (average Fst: 0.080) than are the tribals (average Fst: 0.149; and 0.117 if south tribes are excluded). Therefore, the similarities in caste and tribal mtDNA gene pools might reflect extensive maternal gene flow rather than common ancestry. However, caste and tribal populations are separated by an 41, 57 thus much later than (and therefore independent from) the early migration that would have followed the southern route B60 000 years ago. In addition, Forster et al 49 have proposed an mtDNA control region motif (16223C and 16357C) which could represent a signature of an early migration from Africa to Sahul through the southern route. This motif was not found in any Indian tribal mtDNA; 16357C had a frequency of only 2.1% and was always associated with 16223T, while 16223C had a frequency of 27.9%. Furthermore, Indians do not show particular affinities to Africans. A possible exception is the typical African HV1 sequence found in a Kuruchian from south India. However, there are communities in India such as the Siddis, who are known to be recent migrants from Africa. 6 The African-like sequence found in India could therefore originate from admixture between recent African migrants and Indian tribals, or it may represent a remnant of an ancient migration from Africa to India; it is difficult to draw conclusions from a single sequence. In summary, although the data support a recent IndiaAustralia connection, we could not find in Indian tribals any unquestionable genetic signature of the B60 000 yearold migration from Africa to Sahul following the postulated southern route. A possible explanation would be that such migration never occurred along that route. Alternatively, the early migrants from Africa may have made their way to Sahul following the southern route without settling in India. Another possibility, which is probably the most reasonable one, is that in India the genetic traces of early migrations along the southern route were erased by the subsequent migrations which shaped the present-day mtDNA gene pool of India. 
